Optical diffraction and spatial filtering methods have been used to determine the characteristics of periodic structures in many biological materials. The head shell of bacteriophage T4 has been chosen for this study, since aberrations in the assembly of the shell due to mutation or changes in growth conditions lead to the formation of a variety of elongated tubular head forms. The lattice parameters of structures assembled at elevated growth temperatures by normal, wild -type T4 and by a mutant (regA) have been analyzed using optical diffraction patterns obtained from electron micrographs. Spatial filtering procedures have been used for the reconstruction of one -sided images to determine the characteristics of the head structures assembled under different growth conditions.
Introduction
Optical diffraction and spatial filtering techniques have been successfully used to study the regular arrays of proteins found in many naturally-occurring and syntheticallyassembled biological structures.1-7 The parameters of these protein lattices can be determined from the diffraction patterns obtained when electron micrographs of these structures are placed in the input plane of an optical processing system. Spatial filtering techniques can be used in an imaging system to remove unwanted frequencies contributed by both nonperiodic and periodic components.
For example, nonperiodic structure arises from the nonuniform distribution of electron -dense stain which is used to improve image contrast of biological specimens in electron microscopy.
Periodic components can arise from other lattices present in that portion of the specimen being illuminated. Recorded images of certain cylindrical viral structures are particularly suitable for optical processing, since the cylinders flatten into two nearly planar, nonparallel lattices during preparation for electron microscopy. The two -dimensional projection of the negative stain which surrounds the protein molecules in the two lattices is recorded on the emulsion of the micrograph, and this record is the input to the optical system.
The basic principles of the method are reviewed in this paper, and the specific optical system used in these studies is described.
The lattice structures of certain bacteriophage T4 head forms are determined using detected diffraction patterns obtained from the electron micrographs.
From this information, a mask is produced which is used to filter the optical field in the diffraction plane. Light propagated through the mask is then retransformed to produce an image of the appropriate portion of the input micrograph.
Basic Principles
The amplitude transmittance, 4)(x), of the micrograph is given by ij(x) = [a(x) * A(x)] E(x) + N(x) ,
(1) where a(x) is the function associated with the protein structure, A(x) is the periodic array of delta functions which represent the lattice, and the * denotes a convolution. E(x) is the envelope function of the array and represents the physical extent of the micrograph.
N(x) is the additive nonperiodic noise produced by the stain.
The Fourier transform of the amplitude transmittance kp) is produced optically by a lens and is given by -21-riux (u) = ,r 1P(x)e---T-dx (2) where f is the focal length of the lens that produces the transform, and p is the coordinate in transform space.
Since the Fourier transform of a convolution is the product of the individual transforms,
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The lattice function transforms to a reciprocal lattice function which is also periodic; a(p), the transform of the protein molecules (or stain -excluding regions) is the envelope on that reciprocal lattice. This product is convolved with the Fourier transform of the envelope function and hence E(p) occurs at each reciprocal lattice site. Finally the noise transform is added to give the total transform.
The information about the periodic structure in the input function is located at a discrete set of small areas in the transform plane; the size of each area is determined by E(p).
It should be noted that the periodic structure in the input plane contributes to a simple set of locations in the transform plane. This transform is independent of the lateral position of the input transparency. Figure 1 shows a periodic array and its Fourier transform. The reciprocal relationship between the two arrays is obvious. 
The lattice function transforms to a reciprocal lattice function which is also periodic; a(y), the transform of the protein molecules (or stain-excluding regions) is the envelope on that reciprocal lattice. ^This product is convolved with the Fourier transform of the envelope function and hence E(p) occurs at each reciprocal lattice site. Finally the noise transform is added to give the total transform.
The information about the periodic structure in the input function is located at a discrete set of small areas in the transform plane; the size of each area is determined by E(p). It should be noted that the periodic structure in the input plane contributes to a simple set of locations in the transform plane. This transform is independent of the lateral position of the input transparency. Figure 1 shows a periodic array and its Fourier transform. The reciprocal relationship between the two arrays is obvious. 
All the information about the periodic structure can be isolated in the Fourier plane by a simple mask such as the one shown in Figure 1(c) . When the light passingchrough these holes is retransformed by a second lens, then an image of the original object will be formed.
If other information had been present in the input, whether it be another periodic object or noise, it would be considerably repressed by the filter.
One of the specific problems of interest is to be able to uniquely distinguish between two overlapping lattices.
If we ignore the effect of the envelope function and the additive noise, then the amplitude transmittance of equation (1) becomes (4) where A1(x) is the first periodic lattice and A2(x) is a second lattice identical to the first lattice, but shifted and /or rotated.
A2(x) could also be a different periodic lattice with a different origin and orientation.
Since these two periodic structures overlap, their transmittances multiply. Thus
, (5) and the two individual transforms are convoluted.
If the correct set of maxima can be isolated, then one of the periodic structures can be imaged and the other repressed. Naturally, for this technique to be successful, the diffraction maxima in the Fourier plane must be properly identified (a process usually referred to as indexing), and some knowledge of the underlying structure is extremely helpful for this analysis. If some single-layered material can be identified in an electron micrograph, models constructed by superimposing several synthetic layers can then be tested to determine whether their transforms approximate those obtained from the original specimen.
The Optical Processing System
A schematic diagram of the optical system used to produce the required diffraction patterns and to carry out the processing is shown in Figure 2 . The beam from a 5mW heliumneon laser with an output at 638nm is expanded through a spatial filter and a collimated beam 3cm in diameter is produced by lens Li. This beam illuminates the electron micrograph Schematic diagram of the optical processing system which is masked so that only a portion of the elongated viral structure of interest is used. An area 2x6 -8mm is typical. The required diffraction pattern (which is the Fourier transform of the amplitude transmittance of the input) of the periodic structure in the micrograph is then formed in the focal plane of lens L2, which has a focal length of 1219mm. This Fourier transform is centered on the optical axis of the system independent of the actual x -y location of the input micrograph. Naturally it is orientation dependent -a rotation of the input produces a rotation of the transform.
In the original experiments, the optical system is used to record the diffraction patterns which are subsequently analysed to index the diffraction maxima.
In the second set of experiments, a mask is produced to select appropriate diffraction peaks. The light propagates through this mask, and lens L3 (which also has a focal length of 1219mm) produces an image at unit magnification.
This image is associated with the portion of the diffraction pattern that passes through the mask. Other parts of the object are suppressed.
Experimental Procedures and Results
The biological material selected for this study is the head shell of bacteriophage T4. The structural characteristics of elongated head forms assembled by T4 have been investigated in several laboratories, and detailed discussions of techniques and results have been All the information about the periodic structure can be isolated in the Fourier plane by a simple mask such as the one shown in Figure l(c). When the light passing through these holes is retransformed by a second lens, then an image of the original object will be formed. If other information had been present in the input, whether it be another periodic object or noise, it would be considerably?-repressed by the filter.
One of the specific problems of interest is to be able to uniquely distinguish between two overlapping lattices. If we ignore the effect of the envelope function and the additive noise, then the amplitude transmittance of equation (1) 
where A-, (x) is the first periodic lattice and A2 (x) is a second lattice identical to the first lattice, but shifted and/or rotated. A2 (x) could also be a different periodic lattice with a different origin and orientation. Since these two periodic structures overlap, their transmittances multiply. Thus
and the two individual transforms are convoluted. If the correct set of maxima can be isolated, then one of the periodic structures can be imaged and the other repressed. Naturally, for this technique to be successful, the diffraction maxima in the Fourier plane must be properly identified (a process usually referred to as indexing), and some knowledge of the underlying structure is extremely helpful for this analysis. If some single-layered material can be identified in an electron micrograph, models constructed by superimposing several synthetic layers can then be tested to determine whether their transforms approximate those obtained from the original specimen.
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In the original experiments, the optical system is used to record the diffraction patterns which are subsequently analysed to index the diffraction maxima. In the second set of experiments, a mask is produced to select appropriate diffraction peaks. The light propagates through this mask, and lens L3 (which also has a focal length of 1219mm) produces an image at unit magnification. This image is associated with the portion of the diffraction pattern that passes through the mask. Other parts of the object are suppressed.
Experimental Procedures and Results
The biological material selected for this study is the head shell of bacteriophage T4. The structural characteristics of elongated head forms assembled by T4 have been investigated in several laboratories, and detailed discussions of techniques and results have been reported.5,7 -12 Assembly of this virus depends upon the regulated synthesis of a number of structural proteins. A mutant of T4 (regA) has been described which affects the synthesis of certain essential proteins of the head and tail.13 Elongated head structures are produced at elevated temperatures by this mutant at greater frequencies than by the normal wild -type virus.14 The properties of the lattices of these elongated structures have been investigated and are described in detail in this study.
Diffraction Pattern Analysis. Figure 3 shows some representative electron micrographs of elongated viral head structures assembled at different growth temperatures together with their diffraction patterns.
The basic unit of assembly of the T4 head shell is a ring of six identical, asymmetric proteins.
These hexameric rings lie in rows on a hexagonal net whose axes intersect at the center of the rings.
In elongated viral head forms, this net is folded into a closed cylinder, and, since the lattice is continuous, the circumference and pitch angles of the cylinder have fixed values. Any of these permitted cylinders can be described by their characteristic u/v ratios, where u and v are the coordinates of the circumferential vector of the cylinder.5 Both u and v must be integral values of the lattice constant to satisfy the requirement that the lattice be continuous. Flattening such a cylinder produces two superimposed mirror -symmetric essentially planar lattices.
One of these hexagonal lattices is shown in Figure 4a (indexed as described in reference 5). The Fourier transform of this lattice is another hexagonal arrangement that is reciprocally related to the input lattice, has a different scale, and is rotated through 900 (see Figure 4b for a diagrammatic representation).
Specifically, the spacing of this reciprocal lattice is calculated using the usual diffraction grating equation d sin° = nA (6) where d is the fundamental spacing of the lattice in the micrograph, A is the wavelength of reported.5,7-12 Assembly of this virus depends upon the regulated synthesis of a number of structural proteins. A mutant of T4 (regA) has been described which affects the synthesis of certain essential proteins of the head and tail.13 Elongated head structures are produced at elevated temperatures by this mutant at greater frequencies than by the normal wild-type virus.14 The properties of the lattices of these elongated structures have been investigated and are described in detail in this study.
The basic unit of assembly of the T4 head shell is a ring of six identical, asymmetric proteins. These hexameric rings lie in rows on a hexagonal net.whose axes intersect at the center of the rings. In elongated viral head forms, this net is folded into a closed cylinder, and, since the lattice is continuous, the circumference and pitch angles of the cylinder have fixed values. Any of these permitted cylinders can be described by their characteristic u/v ratios, where u and v are the coordinates of the circumferential vector of the cylinder.5 Both u and v must be integral values of the lattice constant to satisfy the requirement that the lattice be continuous. Flattening such a cylinder produces two superimposed mirror-symmetric essentially planar lattices. One of these hexagonal lattices is shown in Figure 4a (indexed as described in reference 5). The Fourier transform of this lattice is another hexagonal arrangement that is reciprocally related to the input lattice, has a different scale, and is rotated through 90° (see Figure 4b for a diagrammatic representation). Specifically, the spacing of this reciprocal lattice is calculated using the usual diffraction grating equation Since the rows of hexamers in the electron micrographs are spaced approximately 0.4mm apart, the distance p to the first order maxima in the reciprocal lattice is therefore 2mm.
Since two hexagonal nonparallel lattices are present, each order contains twelve rather than six maxima.
In Figure 5 , a hexagonal net has been inscribed onto a typical diffraction pattern to show the maxima which are indexed as belonging to the same set. These lie on concentric circles with radius r 011,n) = (m2 + mn + n2)3'2. (7) where m and n are coordinates of the radius vector with respect to the reciprocal lattice vectors, and where r(mn) is in units of the reciprocal lattice constant.9 The predominance of the second order at a spatial frequency of about 1 /6nm-1 is due to the fact that both P3 and P6 symmetry groups are present. 8 These groups are indistinguishable at low resolution and the lattice approximates to that of a honeycomb, rather than rows of hexamers.
The pseudo -cell so formed has a lattice constant, y, of about 6nm. The true lattice constant, a, (or 2y) is 11.2nm, and can be calculated from the reciprocal spacing (1 /y), which is the average value of the distance from the origin to the second order maxima.
As an internal magnification standard, the tails of normal virus particles usually found on every micrograph are used. The annuli in these tails are spaced 3.8nm apart and of its incident illumination, and n is the diffraction order. The angle 0 is small and is written as jj/f. Since the rows of hexamers in the electron micrographs are spaced approximately 0.4mm apart, the distance y to the first order maxima in the reciprocal lattice is therefore 2mm.
Since two hexagonal nonparallel lattices are present, each order contains twelve rather than six maxima. In Figure 5 , a hexagonal net has been inscribed onto a typical diffraction pattern to show the maxima which are indexed as belonging to the same set. These lie on concentric circles with radius r (m,n) = (m + mn +
where m and n are coordinates of the radius vector with respect to the reciprocal lattice vectors, and where r(mn) is in units of the reciprocal lattice constant.9 The predominance of the second order at a spatial frequency of about l/6nm~l is due to the fact that both P3 and P6 symmetry groups are present.8 These groups are indistinguishable at low resolution and the lattice approximates to that of a honeycomb, rather than rows of hexamers. The pseudo-cell so formed has a lattice constant, y, of about 6nm. The true lattice constant, a, (or 2y) is 11.2nm, and can be calculated from the reciprocal spacing (1/y), which is the average value of the distance from the origin to the second order maxima. As an internal magnification standard, the tails of normal virus particles usually found on every micrograph are used. The annuli in these tails are spaced 3.8nm apart and A hexagonal net which intersects the diffraction maxima corresponding to one of the surface lattices of an elongated viral head form. A hexagonal net which intersects the diffraction maxima corresponding to one of the surface lattices of an elongated viral head form.
these produce strong meridional reflections.9,16,17
A second parameter determined from these patterns is the pitch angle, a, of the cylinder which is defined as the angle between the nearest equatorial line and the equator.5 In practice, since the first order maxima are of low intensity, the pitch angle can be more conveniently determined by measuring the separation,,between the two sextets of intense spots in the second order.11 The pitch angle a = 30° + (8/2). (8) For right-handed lattices, 300 -(8/2) is used. The u/v ratios for these cylinders can also be determined directly from the diffraction patterns, since u/v = m2 /ml, where ml and m2 are the coordinates of the innermost meridional spot which is common to both reciprocal lattices. 9 To calcule the actual values of u and v, both the pitch angle and width of a cylinder is needed.9,IL The values of u and v can also be determined from a plot of the pitch angle and width, as shown in Figure 6(a,b) .
The table below contains a summary of the values calculated for the lattice constants, average widths (measured directly on original micrographs) and pitch angles for the elongated structures assembled at elevated growth temperatures. Histograms were constructed from the width measurements of the flattened cylinders, and are shown in Figure   7(a,b) .
The data for both the normal (wild -type) and the mutant (regA) viruses are combined, since both viruses assembled the same types of structures at the same growth temperature.
The regA mutants, however, produced a greater percentage of these aberrant structures than did the wild -type, and this will be discussed elsewhere in greater detail.14 A second parameter determined from these patterns is the pitch angle, a, of the cylinder which is defined as the angle between the nearest equatorial line and the equator.5 In practice, since the first order maxima are of low intensity, the pitch angle can be more conveniently determined by measuring the separation , 3,between the two sextets of intense spots in the second order.H The pitch angle a = 30° + (3/2).
(8)
For right-handed lattices, 30° -(3/2) is used. The u/v ratios for these cylinders can also be determined directly from the diffraction patterns, since u/v = m2/m-, , where mi and m2 are the coordinates of the innermost meridional spot which is common to both reciprocal lattices.9 To calculate the actual values of u and v, both the pitch angle and width of a cylinder is needed.9 > 11 The values of u and v can also be determined from a plot of the pitch angle and width, as shown in Figure 6(a,b) .
The table below contains a summary of the values calculated for the lattice constants, average widths (measured directly on original micrographs) and pitch angles for the elongated structures assembled at elevated growth temperatures. Histograms were constructed from the width measurements of the flattened cylinders, and are shown in Figure  7(a,b) . The data for both the normal (wild-type) and the mutant (regA) viruses are combined, since both viruses assembled the same types of structures at the same growth temperature. The regA mutants, however, produced a greater percentage of these aberrant structures than did the wild-type, and this will be discussed elsewhere in greater detail.14 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 10 40°V Data for wild -type T4 and regA mutants (regAl and regA 5) are combined, since no significant differences in their lattice parameters were found.
Virus was grown at 42.8 °C in M -9 minimal medium supplemented with casamino acids; and at 44.8 °C in glycerol -casamino acids. 15, 18 Infected bacterial cells were lysed, applied to carbon -formvar grids, and stained with uranyl acetate.11 Micrographs were recorded at a nominal magnification of 37,000 on a Philips 200 electron microscope operating at 80KV, using a liquid nitrogen decontamination device.
The width measurement data suggest that the elongated head forms assembled under the two different growth conditions are different.
Structures made at 42.8 0C have a rather narrow width distribution averaging 72.5nm.
Their pitch angles range from 18 -25 °, and their lattice constants are llnm.
The latter fact, along with the observation that their most intense diffraction maxima are in the second order, suggests that they are "coarse" polyheads.
(The term "coarse" refers to the fact that their most prominent detail in electron micrographs lies in the 6 -10nm range.) As viewed in electron micrographs, nearly all of these cylinders are open ended, lacking the normal icosahedral end -cap which characterizes normally assembled heads. Most of them also lack a core (a transient, internal structure required for the initiation of head formation).
Their narrow width distribution resembles that of polyheads made by mutants deficient in core proteins (P22 or IPIII) .11 Data for wild-type T4 and regA mutants (regAi and regAi ,-) are combined, since no significant differences in their lattice parameters were found. Virus was grown at 42.8°C in M-9 minimal medium supplemented with casamino acids; and at 44.8°C in glycerol-casamino acids. 15, 18 Infected bacterial cells were lysed, applied to carbon-formvar grids, and stained with uranyl acetate.H Micrographs were recorded at a nominal magnification of 37,000 on a Philips 200 electron microscope operating at 80KV, using a liquid nitrogen decontamination device.
The width measurement data suggest that the elongated head forms assembled under the two different growth conditions are different. Structures made at 42.8°C have a rather narrow width distribution averaging 72.5nm. Their pitch angles range from 18-25°, and their lattice constants are llnm. The latter fact, along with the observation that their most intense diffraction maxima are in the second order, suggests that they are "coarse" polyheads.
(The term "coarse" refers to the fact that their most prominent detail in electron micrographs lies in the 6-10nm range.) As viewed in electron micrographs, nearly all of these cylinders are open ended, lacking the normal icosahedral end-cap which characterizes normally assembled heads. Most of them also lack a core (a transient, internal structure required for the initiation of head formation). Their narrow width distribution resembles that of polyheads made by mutants deficient in core proteins (P22 or IPIII).ll In contrast, the elongated structures made at 44.8 0C appear to be quite heterogeneous. Their widths range from about 65nm to 120nm, and their pitch angles from 140-270. Their lattice constants and strong second order maxima suggest that the same lattice structure is present as in the 42.8 0C polyheads.
However, their u/v ratios are clustered into two classes, one which is similar to the polyheads made at lower growth temperatures, and a second class whose u/v ratio is 5:15. This latter class is termed elongated preheads, rather than polyheads, because their lattice folding resembles that of incomplete head structures which mature into DNA -filled heads during normal viral assembly.l9,20 Virtually all of the elongated preheads observed in these electron micrographs have end -caps and cores, suggesting that normal head initiation events have not been affected.
Optical Processing
Optical processing experiments have also been carried out to reconstruct one -sided images of the flattened viral structures in the electron micrographs.
A mask consisting of small circular holes (330pdiameter) in a thin brass sheet is placed in the transform plane. This mask can be positioned rotationally and translationally to locate it in the correct position.
The image produced from the light which propagates through the mask is then recorded on high resolution glass plates (Kodak 131 -01).
The size of the openings in the brass mask used for the optical processing experiments determines the number of unit cells over which averaging by the optical system is per- Therefore, when a single lattice is to be reconstructed, it is important to control the amount of light transmitted through this order.3 Reduction of the zero order intensity produces an increase in image contrast, but must be carefully controlled to avoid frequency doubling artifacts.
In these experiments, control over the zero order intensity was achieved by carefully centering a 200p aperture over the appropriate hole.
Detail in the final image can be made more uniform over a larger field by photographic superimposition techniques. 21, 22 Overlays of identical, low density transparencies are made, successively rotated through 1800, and translated by one lattice constant. This averaging procedure compensates for small structural variations in the specimen due to preparation artifacts, as well as for small errors in the preparation and positioning of the mask.
Reconstructed one -sided images of a representative T4 narrow polyhead made at 42.8 °C, and an elongated prehead made at 44.80C are shown in Figure 8 .
Rings of six proteins (stain -excluding regions, shown in white) are arranged on a hexagonal net.
The diameter of these hexamers, measured as the average distance from the ring center to each of the proteins in the ring is approximately 7.8nm. Both the upper and lower lattices have been reconstructed.
The upper lattice (generally designated the "far side ") is subject to greater distortion than the lower one during preparation for electron microscopy. This in turn gives rise to distortions in the positions of the diffraction maxima, which become apparent during the indexing procedure. Detail in these reconstructions is, of course, best preserved in the center of the image since averaging occurs over the maximum number of unit cells.
Conclusion
The simple optical processing system described in this paper has been successfully employed to study periodic structure in biological specimens.
From analysis of these results, the head forms assembled at different temperatures were identified.
The quality 'of the reconstructed image obviously is a limiting factor in the quantitative evaluation of these results. Although good images have been obtained, they are still limited by the lack of understanding of the precise information contained in the Fraunhofer diffraction pattern.
It is hoped that continuous studies in this area will bring about a more rigorous understanding of the precise characteristics of this diffraction pattern and would thus achieve a more optimum result.
In contrast, the elongated structures made at 44.8°C appear to be quite heterogeneous. Their widths range from about 65nm to 120nm, and their pitch angles from 14°-27°. Their lattice constants and strong second order maxima suggest that the same lattice structure is present as in the 42.8°C polyheads. However, their u/v ratios are clustered into two classes, one which is similar to the polyheads made at lower growth temperatures, and a second class whose u/v ratio is 5:15. This latter class is termed elongated preheads, rather than polyheads, because their lattice folding resembles that of incomplete head structures which mature into DNA-filled heads during normal viral assembly. 19, 20 Virtual ly all of the elongated preheads observed in these electron micrographs have end-caps and cores, suggesting that normal head initiation events have not been affected.
Optical Processing
Optical processing experiments have also been carried out to reconstruct one-sided images of the flattened viral structures in the electron micrographs. A mask consisting of small circular holes (330ydiameter) in a thin brass sheet is placed in the transform plane. This mask can be positioned rotationally and translationally to locate it in the correct position. The image produced from the light which propagates through the mask is then recorded on high resolution glass plates (Kodak 131-01).
The size of the openings in the brass mask used for the optical processing experiments determines the number of unit cells over which averaging by the optical system is per formed. When a hole diameter approximately 0.1-0.2 that of the reciprocal lattice constant is used, averaging occurs over approximately 100 unit cells.H Each lattice in the object plane provides a zero order contribution to the transform plane. Therefore, when a single lattice is to be reconstructed, it is important to control the amount of light transmitted through this order.3 Reduction of the zero order intensity produces an increase in image contrast, but must be carefully controlled to avoid frequency doubling artifacts. In these experiments, control over the zero order intensity was achieved by carefully centering a 200y aperture over the appropriate hole.
Detail in the final image can be made more uniform over a larger field by photographic superimposition techniques. 21, 22 Overlays of identical, low density transparencies are made, successively rotated through 180°, and translated by one lattice constant. This averaging procedure compensates for small structural variations in the specimen due to pre paration artifacts, as well as for small errors in the preparation and positioning of the mask.
Reconstructed one-sided images of a representative T4 narrow polyhead made at 42.8°C, and an elongated prehead made at 44.8°C are shown in Figure 8 . Rings of six proteins (stain-excluding regions, shown in white) are arranged on a hexagonal net. The diameter of these hexamers, measured as the average distance from the ring center to each of the pro teins in the ring is approximately 7.8nm. Both the upper and lower lattices have been re constructed. The upper lattice (generally designated the "far side 11 ) is subject to greater distortion than the lower one during preparation for electron microscopy. This in turn gives rise to distortions in the positions of the diffraction maxima, which become apparent during the indexing procedure. Detail in these reconstructions is, of course, best preserved in the center of the image since averaging occurs over the maximum number of unit cells.
Conclusion
The simple optical processing system described in this paper has been successfully employed to study periodic structure in biological specimens. From analysis of these results, the head forms assembled at different temperatures were identified.
The quality of the reconstructed image obviously is a limiting factor in the quantita tive evaluation of these results. Although good images have been obtained, they are still limited by the lack of understanding of the precise information contained in the Fraunhofer diffraction pattern. It is hoped that continuous studies in this area will bring about a more rigorous understanding of the precise characteristics of this diffraction pattern and would thus achieve a more optimum result. Reconstruction of one-sided images of upper and lower surfaces of (a) a narrow polyhead made at 42.8°C and (b) an elongated (giant) prehead made at 44.8°C. Proteins are shown in white. Diffraction patterns and electron micrographs used to form these images are also shown. Detail enhancement was achieved by photographic supers position methods.7
